Background-We previously reported that young men with chronic spinal cord injury (SCI) have a higher prevalence of testosterone deficiency when compared to an age-matched healthy control population. Young men with SCI are also at increased risk for developing cardiometabolic dysfunction after injury. It is unclear whether or not testosterone deficiency is associated with heightened cardiometabolic risk in men with SCI.
INTRODUCTION
In the U.S., spinal cord injury (SCI) most commonly affects men under 50 years of age [1, 2, 3] . Following injury, individuals with SCI experience an accelerated risk of all-cause cardiovascular and metabolic diseases [4, 5, 6] . These disease processes are characterized by development of sarcopenic obesity, hyperlipidemia, insulin resistance, and a heightened inflammatory state. All of these conditions contribute to an overall increase in cardiometabolic risk at younger ages than in the non-disabled population [4, 5, 6] .
The most common risk components for metabolic syndrome in individuals with SCI are obesity and dyslipidemia [7, 8] . Among individuals with SCI, obesity is characterized primarily by sarcopenia, which further contributes to increased cardiometabolic disease risk by amplifying an already heightened pro-inflammatory state. Approximately 50-60% of SCI patients are overweight, and another 20-30% are obese when assessed by body mass index (BMI) criteria [9, 10] , striking statistics especially when one considers that BMI underestimates adiposity in this population due to the predominance of sarcopenia [11, 12, 13] . In fact, based on adjusted BMI categories proposed for adults with SCI [14] , rates of overweight and obesity are even higher. In addition, individuals with SCI have high circulating levels of the inflammatory biomarker C-reactive protein (CRP), which is associated with elevated cardiovascular disease risk and which, in the SCI population, has been associated with greater degree of impairment (i.e., tetraplegia vs paraplegia), higher percent body fat, lower serum high-density lipoprotein cholesterol (HDL), and insulin resistance [15, 16] .
We and others have reported that men with chronic SCI also have an increased prevalence of testosterone deficiency after injury when compared to non-injured men [17, 18, 19, 20, 21, 22, 23, 24] . Specifically, we recently reported that in a cohort of 58 otherwise healthy men between the ages of 18 and 45 with chronic (≥1 year) SCI, the prevalence of testosterone deficiency was 25%, compared to 7% in an age-matched historical control population (P<.001) [18] . Interestingly, we found that risk of hypogonadism in men with SCI was higher in those with higher percent body fat, suggesting a possible association between gonadal and metabolic dysfunction after SCI. We thus hypothesized that lower testosterone levels are associated with more unfavorable cardiometabolic risk profiles in young men with chronic SCI. To investigate the relationship between testosterone and cardiometabolic risk in men with SCI, we investigated associations among multiple surrogate markers of cardiometabolic disease risk and circulating levels of total and free testosterone in the same cohort of 58 otherwise healthy men with chronic SCI.
METHODS
The majority of study methods have been described previously [18] . Otherwise healthy men with chronic (≥1 year) SCI between C4 and T12 aged 18 to 45 years were recruited from an ongoing cross-sectional study evaluating cardiometabolic risk in SCI individuals. Men with motor complete SCI classified as American Spinal Injury Association (ASIA) Impairment Scale grade A or B and men with motor incomplete SCI who were primary wheelchair users were included (ambulatory men with motor incomplete SCI were excluded). Only men with traumatic SCI were included. Participants were recruited from the Medstar National Rehabilitation Hospital (MNRH), Washington, DC, and from the University of Miami Miller School of Medicine, Miami, FL, between 2008 and 2013.
Exclusion criteria included a history of traumatic brain injury, clinically significant cardiovascular disease, or gonadal dysfunction prior to SCI; medications to treat diabetes mellitus, hyperlipidemia, hypogonadism, or cardiovascular disease (with the exception of antihypertensive medications), any medication that alters serum testosterone levels, and glucocorticoids; >2 alcoholic drinks per day; daily use of opioid analgesics (as required use was considered acceptable); and self-reported type 2 or type 1 diabetes mellitus, liver disease, renal disease, heart failure (NYHA Class III or IV), obstructive sleep apnea, prostate cancer, testicular cancer, breast cancer, or benign prostatic hypertrophy (BPH). Men with polycythemia were excluded based on serum hemoglobin and hematocrit concentrations checked at study entry.
The Institutional Review Boards at both MNRH and the University of Miami approved this study, and all applicable institutional and governmental regulations concerning the ethical treatment of human volunteers were followed during this research. Informed consent was obtained from all study subjects before testing was initiated.
Subjects were instructed to fast for 12 hours and to avoid smoking, strenuous exercise, alcohol, and caffeine for 24 hours prior to laboratory testing. Fasting antecubital venous blood samples were collected under antiseptic conditions between 8 AM and 10 AM.
Total testosterone (TT) was measured by electrochemiluminescence immunoassay (ECLIA) [normal adult male reference range (RR): 300-1100 ng/dL, assay sensitivity 2.5 ng/mL, intra-and inter-assay coefficients of variation (CV): 2.4 and 2.9%, respectively]. Free testosterone (fT), an index of bio-available testosterone, was calculated using TT and sex hormone binding globulin (SHBG) concentration [25] . Serum concentrations of SHBG (RR: 16-54 nmol/L, sensitivity 0.80 nmol/L, intra-/inter-assay CV: 1.3%, 2.4%) were measured by ECLIA. Hormone measurements were tested only once for each participant. Morning serum concentrations of TT ≤300 ng/dL and calculated fT ≤9 ng/dL were considered to be in the hypogonadal range. We categorized study subjects by the level of morning TT (≤300, 301-500, or >500 ng/dL) and by the level of morning fT (≤9 or >9 ng/dL).
Standard assays were used to measure serum glucose, insulin, HbA1C%, inflammatory markers [high sensitivity-CRP (hs-CRP) and interleukin-6 (IL-6)], and lipid profiles. Glucose was assayed using the glucose oxidase method. Total cholesterol (TC), triglycerides, and HDL cholesterol were assayed on an automated analyzer (Roche CobasMira; Roche Diagnostics, Indianapolis, IN) using commercially available kits according to manufacturer instructions and run procedures. LDL cholesterol was calculated by using the method of Friedewald: LDL = TC -[(fasting TG ÷ 5) -HDL] [27] . Glucose tolerance and insulin resistance were assessed by fasting and 2-hour glucose and insulin levels on standard oral glucose tolerance testing (OGTT). For the OGTT, subjects ingested 75 g of a commercial glucose solution (Trutol; NERL Clinical Diagnostics, East Providence, RI) within 5 minutes and underwent a blood draw 2 hours later for insulin and glucose levels. The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was calculated to estimate insulin resistance using the following equation: HOMA-IR = [(fasting glucose (mg/dL) × fasting insulin (μU/mL)) ÷ 405] [28, 29] . Quantitative Insulin sensitivity Check Index (QUICKI), a validated estimate of insulin sensitivity, was calculated using the formula: 1/[log (fasting insulin)+ (log fasting glucose)] [30] .
Resting blood pressure was determined in the seated position by using the standard auscultation method previously described by the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure [31] . Body composition was assessed by dual X-ray absorptiometry (DXA), body mass index (BMI), and waist-to-hip ratio (WHR). Height was determined by measurement in the supine position. Participants were weighed on a calibrated portable wheelchair scale. BMI was calculated as the quotient of body mass and the squared height (kg/m 2 ). DXA was performed using a Hologic QDR series DXA scanner (Hologic Inc., Marlborough, MA) with individuals in the supine position, as described in adults with paraplegia [32] , to determine whole body and regional fat and lean body mass.
Framingham Risk Score (FRS), an estimate of the 10-year risk of hard coronary events, was calculated for each subject. FRS is calculated using cardiovascular disease (CVD) risk factors-age, fasting TC, current smoking status (defined as any cigarette smoking within the previous month), fasting HDL, and resting systolic blood pressure-assigning each a point score, with higher point values corresponding to higher risk. FRS point totals, expressed as percentages, were calculated for each subject to estimate 10-year risk for developing CVD [33] .
Statistical analyses
Data from study participants were compared by level of testosterone sufficiency. Participants were stratified according to serum concentrations of total T (≤300, 301-500, or >500 ng/dL) and calculated fT (≤9 or >9 ng/dL). Normality assumption was satisfied for total T; however, fT levels were not normally distributed. Accordingly, the non-parametric Wilcoxon rank sum test and Kruskal-Wallis test were used for comparisons between the two fT and three total T groups, respectively.
Means and standard deviations for continuous variables and frequencies and percentages for categorical variables were calculated for all groups. For continuous variables, the differences in means between groups were tested by ANOVA when normality assumption was satisfied, and by the non-parametric Kruskal-Wallis test when normality assumption was not satisfied. Chi-square and Fisher exact tests were used to investigate the differences between categorical variables. P<.05 was considered significant.
RESULTS

Framingham Risk Score
Men with low fT had higher FRS than men with normal fT; there was no difference in FRS based on TT levels (TT≤300, 3.5±4.1%; TT 301-500, 2.4±2.9%; TT >500, 1.5±0.8%, P=. 41) (fT≤9, 3.3±3.4%; fT>9, 1.7±2.0%, P=.04) (Figure 1 ). That said, all men with SCI in our cohort had FRS<10% (defined as low risk).
Body Composition
Men with both low TT and low fT had significantly higher body fat percentages compared to men with normal TT and fT levels (TT≤300, 40±12%; TT 301-500, 35±9%; TT >500, 25±8%, P<.001) (fT≤9, 37±12%; fT>9, 30±9%, P=.04), without differences in BMI (TT≤300, 27.3±7.9; TT 301-500, 26.4±4.2; TT >500, 24.8±3.4 mg/kg 2 , P=.75) (fT≤9, 29.2±7.4; fT>9, 24.2±3.9 mg/kg 2 , P=.09) (Figure 2 ). Waist-to-hip ratio (WHR) was significantly higher in men with low total T compared to men with the highest level of TT (>500 ng/dL) (TT≤300, 0.97±0.1; TT 301-500, 1.01±0.02; TT >500, 0.9±0.1, P<.05); however, WHR did not differ based on level of fT (fT≤9, 0.97±0.05; fT>9, 0.92±0.1, P=.2).
Fasting Lipids
Men with low TT and low fT had significantly lower HDL levels compared to men with normal T levels (TT≤300, 37±7; TT 301-500, 40±10; TT >500, 46±9 mg/dL, P<.01)(fT≤9, 39±9; fT>9, 44±10 mg/dL, P<.05). There were no statistically significant differences in levels of fasting triglycerides (TT≤300, 121±69; TT 301-500, 102±39; TT >500, 95±50 mg/dL, P=.28)(fT≤9, 115±61; fT>9, 97±44 mg/dL, P=.19) or LDL (TT≤300, 88±27; TT 301-500, 108±32; TT >500, 112±28 mg/dL, P=.08)(fT≤9, 95±27; fT>9, 111±30 mg/dL, P=. 12) based on TT or fT levels, although there was a trend toward lower TG levels with higher TT or fT levels ( Figure 3 ).
Inflammatory Markers
Men with low TT had higher levels of the circulating inflammatory markers hsCRP and IL-6. There were no differences in levels of IL-6 or hsCRP based on fT concentrations (Table 1) .
Glycemic Control
Men with low TT and low fT had higher fasting glucose levels compared to men with higher TT and fT levels (TT≤300, 99±33; TT 301-500, 87±10; TT >500, 82±8 mg/dL, P=.04) (fT≤9, 95±27; fT>9, 84±10 mg/dL, P<.01). On a standard 2-hour oral glucose tolerance test, men with low fT had higher two-hour glucose levels than men with normal fT (fT≤9, 131±73; fT>9, 101±25 mg/dL, P<.01). Two-hour glucose levels were not significantly different based on the level of TT (TT≤300, 140±92; TT 301-500, 105±23; TT >500, 104±28 mg/dL, P=.09), although there was a trend toward lower two-hour glucose with higher levels of TT (Figure 4 
DISCUSSION
We found that multiple surrogate markers of cardiometabolic risk in young men with chronic SCI were associated with low TT or low fT levels. Overall, our data suggest that men with SCI with low testosterone may have significantly higher cardiometabolic risk compared to men with SCI with normal testosterone levels. Although we cannot assess causality between hypogonadism and increased cardiometabolic risk in men with SCI given the cross-sectional design of our study, our data demonstrate a clear association between testosterone deficiency and heightened cardiometabolic risk in this population. Our finding that increasing cardiometabolic risk exists on a continuum with decreasing testosterone levels, such that men with TT in the low normal range (i.e., 301-500 ng/dL) have more unfavorable risk profiles compared to men with TT levels in the upper range of normal (>500 ng/dL), supports this association. That said, we cannot determine from our study whether testosterone deficiency preceeded any exacerbations in cardiometabolic risk, or vice versa. Indeed, prospective studies evaluating cardiometabolic risk profiles and serum testosterone levels over time after injury are needed to establish whether or not such a causal relationship exists.
We calculated Framingham Risk Scores for men with SCI and found that men with low fT levels had significantly higher scores when compared to men with normal fT. FRS did not differ among men based on levels of TT, although there was a trend toward higher FRS as TT levels declined. That said, all men in our cohort had FRS that were less than 10%, indicating overall low ten-year cardiovascular disease risk, and supporting previous data suggesting that FRS may underestimate actual CVD risk in the SCI population [34, 35] .
We previously reported that percent body fat increased with decreasing levels of TT or fT among the young SCI men in our cohort [18] . Specifically, men who were deficient in TT or fT had significantly higher body fat percentages compared to men with sufficient levels of testosterone. These differences in body fat percentage were present despite similar BMI among the TT and fT groups. The lack of differences in BMI was not surprising given that BMI has been shown to be a poor measure of body composition in the SCI population [11, 12, 13] . In the present study, we also found small but statistically significant differences in WHR based on levels of TT, with men who were deficient in TT having higher WHR compared to men with TT>500 ng/dL. In this regard, WHR, similarly to waist circumference, has been shown to be a reliable marker of visceral fat in men with SCI, and is a major contributor to metabolic syndrome in this population [32] .
When assessing fasting lipid levels, we found no differences in serum triglycerides or LDL concentrations among the TT or fT groups, although there were non-significant trends toward men with lower TT or fT having higher serum triglycerides and LDL levels. Interestingly, HDL, a marker of protection against CVD, was significantly higher in men with TT>500 ng/dL and fT>9 ng/dL compared to men who were deficient in TT or fT, providing evidence for an association between hypogonadism and increased atherogenic risk in young men with SCI. Interestingly, the majority of men with SCI have low circulating HDL cholesterol levels [36, 37] . Our data suggest that testosterone deficiency may be one factor associated with HDL 'deficiency' in this population.
We assessed several measures of glycemic control to determine if hypogonadism is associated with changes in glucose tolerance or insulin sensitivity in young men with SCI. HbA1C% did not differ among men with SCI based on the level of TT or fT. On standard two-hour OGTTs, fasting glucose was significantly lower in men with TT>500 and fT>9 ng/dL compared to men who were deficient in TT or fT. Two-hour glucose levels were lower in men with normal fT compared to men with low fT; however, there was only a trend toward lower two-hour glucose levels based on the level of TT. The two-hour glucose level on OGTT is a more robust indicator of cardiovascular disease risk compared to either fasting glucose or HbA1C% [38] . Our finding of a significant association between low free T, but not low total T, and higher two-hour glucose levels perhaps suggests that free T, rather than total T, may be a more sensitive measure of gonadal function and may be more strongly associated with metabolic risk in men with SCI. Taken together, our findings of higher fasting and two-hour glucose levels in men with low testosterone levels suggest that hypogonadism may be associated with insulin resistance and impaired glucose tolerance even in young men with SCI.
To further explore a potential relationship between hypogonadism and dysglycemia, we used OGTT data to derive scores on two validated measures of glycemic control for each subject: HOMA-IR, a validated measure of insulin resistance, and QUICKI, a validated measure of insulin sensitivity. Interestingly, we found that as total or free T levels increased, insulin resistance as estimated by HOMA-IR decreased, and insulin sensitivity as estimated by QUICKI increased. In fact, men who were deficient in TT (≤300 ng/dL) and fT (≤9 ng/dL) had significantly greater insulin resistance and significantly lower insulin sensitivity compared to men with testosterone sufficiency, providing support for a potential association between hypogonadism and increased risk of dysglycemia, insulin resistance, pre-diabetes, and ultimately, type 2 diabetes mellitus in men with SCI. Interestingly in this regard, we previously reported that men with low TT had significantly lower serum SHBG levels compared to men with normal TT [18] . It is well established that low SHBG levels are correlated with increased insulin resistance and predict the development of metabolic syndrome [39, 40] .
Finally, we found that circulating levels of the inflammatory markers CRP and IL-6 were significantly lower in men with total T >500 ng/dL compared to men with TT deficiency. We did not observe differences in either inflammatory marker in men based on their level of fT, although we observed a trend toward higher CRP and IL-6 concentrations in men with fT≤9 ng/dL. Overall, differences in levels of inflammatory markers based on testosterone sufficiency provide further support for an association between hypogonadism and cardiovascular disease risk in men with SCI, albeit less robustly than the other surrogate markers.
We recently reported a significantly higher prevalence of low testosterone among young men with chronic SCI compared to similarly aged, non-injured men [18] , supporting previous data suggesting that men with SCI are at high risk for T deficiency post-injury [17, 19, 20, 21, 22, 23, 24] . Interestingly, in our previous study, we also found that the men with SCI who met criteria for testosterone deficiency based on serum TT≤300 ng/dL had significantly higher body fat percentages compared to men with normal TT, albeit without differences in BMI [18] . This is in accordance with previous data demonstrating that BMI is a poor indicator of body adiposity in the SCI population [11, 12, 13] , and importantly, lead us to hypothesize that hypogonadism may also be associated with heightened cardiometabolic risk in men with SCI.
Several previous studies have provided evidence that cardiometabolic risk significantly increases after spinal cord injury [4, 5, 7, 8] . Our data extend these findings by suggesting that cardiometabolic risk in young men with SCI may be associated with concomitant hypogonadism. Specifically, we provide evidence suggesting that hypogonadism may be associated with increased adiposity, dyslipidemia, insulin resistance, and increased systemic inflammation in young men with SCI. Certainly, determining whether or not these modifiable cardiometabolic risk factors are exacerbated by testosterone deficiency, or whether testosterone deficiency exacerbates cardiometabolic risk in men with SCI, will be important in improving overall morbidity and mortality in this population.
When identified, testosterone deficiency is easily treated with marketed testosterone replacement therapies and monitored with simple blood tests. To date, few studies have investigated effects of testosterone replacement therapy (TRT) in men with SCI [19, 41, 42] . These studies suggest that TRT may have numerous benefits, including improvement in energy expenditure and lean tissue mass [41, 42] and decreased cardiac arrhythmic potential [19] . However, other studies in non-SCI populations inform the potential risks of TRT, particularly increased risk of cardiovascular-related adverse events such as myocardial infarction [43, 44] . Cardiac adverse events associated with TRT use are generally seen in older men ≥65 years of age, rather than in younger, otherwise healthy men similar in age to our cohort. Certainly, both the potential risks and benefits of TRT must be considered when determining whether or not to treat hypogonadal SCI men with TRT, particularly given the paucity of clinical data regarding the safety of TRT in the SCI population.
Because testosterone levels are expected to decline more quickly after the insult of a spinal cord injury compared to changes in cardiometabolic risk factors (e.g., lipids, body adiposity, insulin sensitivity), testosterone deficiency could potentially be an early 'marker' of heightened cardiometabolic risk after SCI. It remains to be determined, however, whether routine screening for testosterone deficiency after SCI is warranted. When testosterone deficiency is diagnosed, clinicians may recommend not only TRT, but also preventative strategies to reduce cardiometabolic risk, such as healthy lifestyle changes and insulinsensitizing or lipid-lowering medications. Indeed, determining whether testosterone deficiency is an early risk marker predicting increased cardiometabolic risk in men with SCI will be an important advancement in our ability to care for these individuals.
There are several limitations to our study. First, due to the cross-sectional, retrospective design, we were unable to determine whether or not a causal relationship exists between hypogonadism and cardiometabolic risk in young men with SCI. That said, our demonstration of an association between lower testosterone levels and worsening cardiometabolic risk profiles may inform future prospective studies evaluating cardiometabolic risk and testosterone levels over time after injury. Second, our study enrolled a relatively small number of subjects (n=58), limiting our study power. Also due to the retrospective design of our study, we were able to assess only a single morning testosterone level for each subject, and we were unable to assess potential physical manifestations or symptoms of low testosterone. Strengths of this study include our ability to asses multiple cardiometabolic risk markers in each study subject, including markers of glycemic control, fasting lipids, and inflammatory markers; measurement of both total and free testosterone levels; a well-characterized, overall healthy, young population of men with chronic SCI; and ability to accurately assess body composition, particularly percent body fat, using DEXA measurements.
CONCLUSION
Altogether, our data suggest that testosterone deficiency, which is significantly more prevalent in men with SCI compared to non-injured men, may be associated with cardiometabolic disease development after spinal cord injury. From these data, one may hypothesize that screening for testosterone deficiency after SCI and treatment of hypogonadal men with testosterone replacement therapy may help to ameliorate at least some of the cardiometabolic health risks sustained following injury. Certainly, further research is needed to determine the nature of the relationship between hypogonadism and cardiometabolic risk after spinal cord injury, as well as the potential risks and benefits of TRT in hypogonadal men with SCI. Mean percent body fat and BMI (kg/m 2 ) based on serum TT (left, ng/dL) or fT (right, ng/dL) in men with SCI. *P<.05 versus TT≤300 or fT≤9 ng/dL. Table 1 Mean±SD serum levels of inflammatory markers, hsCRP and IL-6, in men with SCI based on level of TT or fT (ng/dL).
TT≤300 TT 301-500 TT>500 
